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Application of the differential impedance analysis on the microbiologically
induced corrosion of bronze
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In this work, the behavior of a binary Cu-Sn (12wt% Sn) alloy has been studied in presence and absence of bacteria
in aqueous solution simulating stagnant fresh water. The corrosion processes have been investigated using the
Electrochemical Impedance spectroscopy (EIS) technique. The application of the Differential Impedance Analysis
(DIA) allowed identifying three processes attributed to the electrical double layer, electrical properties of the passive
film and mass transfer processes at the metal/solution interface. Based on DIA structural analysis, equivalent circuit
model was proposed and used for better parametric identification of the impedance data. The formation of a biofilm
strongly influenced the passive layer behavior, promoting localized corrosion. Post-experiment characterization
performed by Scanning electron microscopy (SEM) supported the electrochemical characterization.
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INTRODUCTION

Microbiologically Induced Corrosion (MIC) is a
phenomenon often considered when non-defined
morphologies occur on metallic surfaces. It is
linked to microbial activity interacting with the
substrate. Bacteria promote the formation of a
biofilm which influences the corrosion processes by
selective introduction or removal of chemical
species at the interface with the metal [1-4].

When MIC occurs an increase of the corrosion
potential, associated to biofilm growth, is usually
observed. The presence of the biofilm induces local
reactions shifting the corrosion potential to a more
noble state, therefore increasing the risk of pitting
corrosion [4,5]. MIC processes have widely been
studied for stainless steel in several environments
as a result of interests linked to some applications,
focusing on the prevention of failures under
operating conditions [6]. Several studies can also be
found for copper alloys, when applied as structural
or mechanical parts operating in aqueous solutions
where they are subject to bacteria colonization
[7,8]. Despite the fact that copper is often used as
biocide, several types of bacteria are able to
become tolerant toward ions and survive in adverse
conditions [9,10]. Aerobic bacteria commonly
present in fresh water as Pseudomonas sp. are
known to have a role in copper alloys corrosion
[11,12]. They cause the acceleration of the
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corrosion processes mainly producing a biofilm
capable of creating concentration cells replacing
oxygen with CO, and acting as chelating agent [12-
14]. Among classical electrochemical techniques
suitable for the study and evaluation of MIC,
electrochemical impedance spectroscopy (EIS) is
one of the most powerful tools for monitoring and
understanding the corrosion processes. EIS allows
obtaining more information related to the system
under investigation such as the polarization
resistance contributions (R,) that can be used for the
calculation of the corrosion rate [1]. The resistive
and capacitive contributions related to the processes
taking place in the system can also be
deconvoluted, however, this operation requires
additional and more complicated data analyses. In
the classical deconvolution approach, an equivalent
circuit model is hypothesized, based on preliminary
knowledge of the system under investigation and
the recorded spectrum. Then it is parametrically
identified by Complex Non-linear Regression Least
Squares (CNRLS) fitting procedure [15-18]. Thus
the contribution of the model components is
evaluated. EIS measurements at different
experimental conditions can be additionally
acquired in order to evaluate better the influence on
the individual contributions and thus to refine the
equivalent circuit model. Structural identification is
an alternative approach which is very convenient
for systems where little or no knowledge is
available. This approach consists in the generalized
deconvolution of the impedance data using
mathematical techniques which do not need a priori
chosen assumptions.
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The Differential Impedance Analysis (DIA) is a
technique that applies the structural identification
approach [19-22]. It ensures both structural and
parametric identification based on the experimental
data and thus eliminates the necessity of
preliminary working hypothesis. The method
applies a local estimator — local operating model
(LOM) which is used for the performance of a local
parametric analysis by scanning along the
analytical coordinate frequency. The LOM
describes a simple first order inertial system
extended with an additive term [21,22]. The
simplest electrical equivalent of its transfer function
is a mesh of resistance R and capacitance C in
parallel, extended with additive term Ad connected
in series, which for electrochemical systems can be
additive resistance, most often the resistance of the
electrolyte R,. The effective time constant T = RC is
also introduced as parameter. The parametric
identification of the LOM applies a scanning
identification window of one frequency point which
makes the use of statistical approach impossible.
Thus it is replaced with a deterministic one by
extension of the initial set of data (real Z,
imaginary Z"~ components of the impedance and
frequency ) with two additional terms — the
derivatives of Z° and Z” in respect to the
frequency. Thus the LOM parameters estimates are
determined for every frequency. They form a new
experimental set of data (wi, R, C, T. R,). The
frequency analysis of the LOM parameters
estimates P oy known as Temporal analysis
provides  for  structural ~and  parametric
identification. It identifies the number of time
constants (steps) involved in the total process, their
distribution, and easily defines the rate limiting
ones. In the frequency range where the LOM
corresponds to the object‘s behaviour, the temporal
plots exhibit plateaux. Their number corresponds to
the number of time constants [21,22]. The temporal
analysis can qualitatively estimate frequency
distribution which is marked as deviation from the
plateau-behavior.  However, for quantitative
analysis, i.e. for structural and parametric
identification, a new algorithm, named Secondary
DIA, should be used [21, 22]. In this study only
DIA is applied. For more precise parametric
evaluation CNRLS is performed based on the
results obtained by DIA.

The aim of this study is to define the influence
of Pseudomonas sp. on the corrosion processes of
tin-bronzes and their ability to promote localized
phenomena applying electrochemical impedance
spectroscopy and DIA, supported by post-
experimental observations. The experiments were
performed on a binary Cu-Sn (12%wt) alloy in
156

artificial fresh water containing mixed chlorides,
nitrates, sulphates and carbonates, in presence and
absence of bacteria.

MATERIALS AND METHODS

A commercial tin-bronze (12 wt % Sn) alloy
was chosen for the corrosion experiments in
presence and absence of bacteria. Samples were cut
from a sheet in pieces of 1 cm x 1 cm x 0.5 cm and
additionally treated in order to obtain a suitable
microstructure. Recrystallization was promoted by
application of a thermo-mechanical treatment
combining cold hammering which creates
superficial and bulk defects with heating up to
600°C for 12h. Such treatment was performed
twice to ensure homogeneity of the solid solution,
avoiding the presence of secondary phases. Figure
1 shows the microstructure of the samples prepared
for the corrosion testing. They were embedded in
epoxy resin leaving an exposed surface of 1 cm?
The samples were immersed in the artificial fresh
water solution (AFW) with pH 8.1 containing
MgSO,*7H,0 (100 mg L™); MgCl,*6H,0 (135
mg L™); NaHCO; (185 mg L™); Na,CO; (230 mg
L?): KNO; (20 mg L™ [21]. The solution
conductivity was 1020+80 pS cm™. For tests in
the presence of bacteria (BAFW), a Pseudomonas
Fluorescens N3 strain [23, 24] was added to the
AFW with a concentration of 1x10" CFU mL™
(colony forming unit mL™).

Fig. 1. Micrograph of certified material (12 wt% Sn)
after thermo-mechanical treatment, 100x, etched with
FesCl.

The EIS analysis was performed using a three
electrode cell with the sample as working electrode
(WE), a reference electrode (RE) of Ag/AgCl sat.
KCI and a platinum wire as counter electrode (CE)
in a volume of 0.3 L in static conditions. The
measurements were carried out at the first
stabilization of the open circuit potential (OCP)
after the immersion of the sample in the solution,
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in the frequency range 40kHz-10mHz with an
amplitude of the a.c. signal 20mV, using
Ivium  CompactStat  (lvium  Technologies).
Structural analysis of the impedance data was
carried out applying the DIA technique
[21,22]. Based on the DIA, a more precise
parametric identification was performed by
CNRLS using the software Zview (Schribner
Associates Inc.). Post-experiment characterization
was carried out by Scanning Electron Microscopy
(SEM; Zeiss Evo40, Carl Zeiss, Oberkochen,
Germany). Chemical analyses of the surface layers
were performed by energy-dispersion
x-ray spectroscopy (EDS; Cambridge INCA 300
with  PentaFET  EDXS  detector;  Oxford
Instruments, Oxfordshire; U.K.) connected to the
SEM.

RESULTS AND DISCUSSION

The recorded impedance spectra are character-
ized with two arcs (Fig. 2) - a large and incomplete
one at low frequencies and a small one at high
frequencies. The low frequency arc can be
associated to slower processes as mass transfer
phenomena which are linked to the dissolution of
the metal and the formation of a passive layer on
the metal surface [25]. The addition of bacteria to
the solution causes a decrease of this arc which
indicates increase of the corrosion rate provoked by
the microbial activity. The high frequency
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which can be attributed to the charge transfer
processes [26]. This part of the spectrum is
not significantly influenced by the presence
of Pseudomonas in the solution.

However, a disturbance of the signal at
high frequencies limited the measurement,
making difficult the identification of its intercept
with the real part axis which determines the
ohmic resistance.

The performance of the DIA Temporal analysis
(Figure 3) shows comparable in shape
parametric profiles corresponding to the two
impedance spectra. Following the procedure
for spectral transformation [20-22], the temporal
plots in Fig. 3 are represented in a spectral form
(Fig. 4). The intensity of the spectral lines is
proportional to the frequency length in which the
corresponding parameter‘s estimate has similar
values. Thus every plateau from the Temporal plot
is transformed in a spectal peak. The smaller the
frequency dispersion, the sharper the spectral
maximum.

The temporal plots presented in Fig. 3 can be
divided in 3 segments (Fig. 3 - Segments I-111) with
different frequency dependence which indicates 3
different steps. The high frequency contribution
(segment 1) has a plateau-type behavior, thus
recognising a process described with a time-
constant, which coresponds to the charge transfer.
The spectral presentation illustrates in an explicit
form the R, C and T spectral peaks.
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Fig. 2. Impedance spectra and fitting results of the two samples in the whole frequency range (left); zoomed high

frequency range (right).
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Fig. 3. DIA temporal plots of the control sample (left) and the sample with bacteria (right). P represents the value of
the respective effective parameter (T, R, C, R) and n = Ig(w™1).
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Fig. 4. Spectral presentation of the Temporal plots from Fig. 3.

Although the plots are similar for the system
with and without bacteria, the presence of bacteria
increases the frequency distribution of T, which is
more pronounced for its C component. At lower
frequencies DIA distinguishes two processes
(segments 11 and I11) identified by the difference in
the frequency dependence of the LOM parameters
estimates. For precise structural and parametric
identification a Secondary DIA is needed. On this
stage those two steps were further modeled with
constant phase elements (CPEs) in a proposed
equivalent circuit of the system (Fig. 5). The
analysis of the R temporal plot shows that the low
frequency step (Segment I11) which has the highest
level of frequency distribution, is the rate limiting
stage, i.e. it gives the biggest contribution in the
resistance of the system.

The R, spectra allowed identifying the solution
resistance of both samples. Even for the bacteria
sample, where the first intercept of the real axis was
not visible, a peak in the spectral plot was well
distinguishable. The solution resistance was
estimated to be 1132 Q for the control sample and
1150 Q when bacteria were present. Such values
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are comparable with the results from conductivity
measurements of the solution.
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Fig. 5. Equivalent circuit used for fitting calculated
with measured data.

Although  for structural and parametric
identification of Segments 1l and Il a procedure of
Secondary DIA is needed, the analysis of the
corresponding R and C spectral peaks pronounced
in the Spectral plot gives valuable information. The
second R peak corresponds to segment Il and thus
it is related to the lowest frequency phenomenon,
which was identified as the rate limiting step
considering its values, which are one order of
magnitude higher than the others. Obviously the
resistance of segment Il has strongly distributed
character and cannot be pronounced on this plot
with a spectral maximum. For the capacitance
contribution at lower frequencies, a spectral
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maximum is pronounced for Segment Il. It has
more distributed character for the experiment
without bacteria.

Based on the structural and parametric
information obtained by DIA, an equivalent circuit
was proposed (Figure 5) and used for the
performance of a fitting procedure on the EIS
spectra. The parametric results are summarized in
Table I.

Tablel. CNRLS fitting results.

Sample Control Bacteria
Rs/Q 1132 1150
R-1/ Q 516.8 487.5
C-1(Q)/F 6.30E-9 4.81E-9
R-11/Q 6769 15403
CPE-Il (Q)/ F 1.92E-5 2.65E-5
CPE-1I (n) 0.85 0.84
R-111/ Q 1.31E5 18734
CPE-lII (Q)/ F 3.80E-5 1.00E-4
CPE-III (n) 0.49 0.68

The resistance of the solution was identified by
the first Rs peak of the DIA spectral analysis. The
high-frequency process corresponding to the first
smicircle in the EIS spectra was fitted using a
resistance in parallel with a capacitor (R-1//C-I),
which describes the charge transfer processes at the
sample/electrolyte interface. The low-frequency
depressed semicircle in Fig. 1 was modelled using a
ladder circuit structure with two R//CPE meshes
(R-1/ICPE-II; R-11//CPE-III) in agreement with
the presence of two processes, identified as
segments Il and Il in the temporal plots.
Considering the frequency range of the processes
and the influence of bacteria, they can be attributed
to the electrical properties of the passive film on the
sample surface (R-II//CPE-1I) and the mass
transport at the sample/solution interface (R-
II//CPE-1I1).

Fitting results confirmed the values of the
solution resistance calculated by DIA. The high
frequency process exhibits lower values for both
resistance and capacitance when bacteria are
present in the solution. Although the difference in
the EIS spectra is small, the correspondent
parameters indicate influence of bacteria on the
charge tranfer phenomena. More significant effect
of the bacteria is registered for the processes
presented in Segments Il and I1l. The resistance of
the second process increases twice (from 6796 Q to
15403 Q) which, related to the electrical properties
of the passivation film, signals about the formation
of more resistive layer in the presence of

Pseudomonas. The increase of the film resistance
corresponds to passivation of the sample which
could lead to higher risk of pits formation. No
significant changes were measured for the
associated CPE values. The process which is
observed in Segment I11 was supposed to be related
to mass transfer phenomena due to the frequency
range and confirmed by the obtained CPE values.
In the presence of bacteria the resistance decreased
from 1.31E+5 Q to 18734 Q indicating higher
activity of the localized phenomena. The proposed
behavior, associated with the increase of the
passivation layer resistance, is consistent with pits
formation.

The post-experiment characterization (Figure 6)
evidenced the formation of an inner layer
constituted by Cu and Sn oxides and areas rich in
copper chlorides on the control sample, which is in
agreement with other studies on copper alloys in
aqueous environment [27].

Fig. 6. Surface topography of the samples: (a) SEM-
BSE 4500x micrograph of a thick passive film of copper
and tin oxides and hydroxides under secondary corrosion
products identified as CuCl; (b) SEM-SE 15500x
micrograph of cracks inside the passive film formed; (c)
100x SEM-SE micrograph of micro-colonies randomly
distributed; (d) 4000x SEM-SE micrograph of micro-pits
under the removed biofilm.

For samples tested in bacteria rich solution,
organic structures were found on the surface. They
are formed in the first stage of the biofilm
formation (Figure 6¢). In several areas, where the
biofilm was removed during the sample
preparation, localized attacks consisting of
micropits were detected (Figure 6d), supporting the
electrochemical characterization.

CONCLUSIONS

The effect of microbiological activity on tin-
bronze samples was investigated combining
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electrochemical ~ measurements  with  post-
experiment characterization.

The application of a structural approach, based
on the DIA technique for EIS data analysis, led to
the identification of three corrosion processes for
the investigated copper alloy in artificial fresh
water. DIA allows studying the distribution of the
phenomena in the frequency domain, estimating
their resistive and capacitive parameters. It
identified the solution resistance despite the
disturbance of the signal at high frequencies. The
influence of bacteria was visible by changes in the
processes distribution using the DIA spectral plots.
This information supported the choice of an
adequate equivalent circuit to model the corrosion
processes  for  more  precise  parametric
identification. The CNRLS results allowed to
estimate quantitatively the changes caused by
bacteria in every step of the total process. Minor
effects were measured for the charge transfer
processes. Microbial activity brought to localized
corrosion phenomena. The pit formation, post-
experimentally observed, was identified by the
decrease of mass transport resistance. For precise
structural and parametrical identification of the
frequency distributed phenomena which are
presented at low frequencies, Secondary DIA will
be further applied.
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MPNIATAHE HA JNPEPEHUMNANHNA WMIMEAAHCEH AHANNS 3A U3CJIEABAHE HA
MMKPOBNONOT NYHO-MPEAMN3BNKAHA KOPO3A HA BPOH3

P. CnoTopHo, I". [)knapa
dakynTeT NoXMMUA N MHAYCTPUAIHa Xumns, YHuBepcuTeT Ha eHya, yn. ,,JoaekaHe3o* 31, 1-16146 eHya, NTanma
MocTtbnuna Ha 8 pekemspu 2016 r.; kopurvpaHa Ha 6 mapt 2017 .
(Pe3stome)

B Ta3n paboTa e u3cnesaHo nosefeHWETO Ha BuHepHaTa cnnas Cu-Sn (12wt% Sn) npu Hanune M OTCHCTBUE Ha
6akTepmn BbB BOAEH Pa3TBOP, CMMYy/MpaLL, 3acTosna cnajka soga. Mpouecute Ha KOpo3vs ca U3cneisaHu ¢ nomoLyta
Ha eNneKTPOXMMMYHa umnefaHcHa cnektpockonusa (EWC). TMpunaraHeTto Ha [udepeHumaneH MMMNeaaHCeH aHanm3
(AWA) no3BonM MAEHTU(ULMPAHETO Ha TPWU MpPOLIECa CBbP3aHN C €NIEKTPUYECKUA [BOEH C/OR, C eNeKTPUYecKnTe
OTHACAHWA Ha NacuBHUA (UM M C TPAHCNOPTa Ha Maca Ha rpaHuMyHaTa NoBbPXHOCT MeTan/pa3TBop. Bb3 ocHOBa Ha
CTPYKTYpHua AWA  6e npeanoxeH MOJeN Ha €KBUBA/IEHTHa eNeKTpuYecka Bepura, M3nons3saH 3a no-gobpa
napameTpuyHa UAeHTUPUKLMA Ha UMNefaHCHUTe AaHHW. O6pa3yBaHeTO Ha 6VMOUAIM BIMSie CUHO Ha MOBELEHMETO
Ha NacvBHUA UM, aKTUBMPAiKKN NOKaiHaTa Kopo3us. PesynTaTTe 0T NPOBEAEHOTO N1EKTPOXMMUYHO U3C/eABaHE ca
NOTBBLPAEHN Upe3 NOCT-eKCNePUMEHTA/IHO OXapaKTepu3MpaHe C NMOMOLLTA Ha CKaHMpalla eneKTPOHHA MUKPOCKOMMUS
(SEM).
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